Abstract.-Morphology, the oldest discipline in the biosciences, is currently experiencing a renaissance in the field of comparative phenomics. However, morphological/phenotypic research still suffers on various levels from a lack of standards. This shortcoming, first highlighted as the "linguistic problem of morphology", concerns the usage of terminology and also the need for formalization of morphological descriptions themselves, something of paramount importance not only to the field of morphology but also when it comes to the use of phenotypic data in systematics and evolutionary biology. We therefore argue, that for morphological descriptions, the basis of all systematic and evolutionary interpretations, ontologies need to be utilized which are based exclusively on structural qualities/properties and which in no case include statements about homology and/or function. Statements about homology and function constitute interpretations on a different or higher level. Based on these "anatomy ontologies", further ontological dimensions (e.g., referring to functional properties or homology) may be exerted for a broad use in evolutionary phenomics. To this end we present the first organ-based ontology for the most species-rich animal group, the Arthropoda. Our Ontology of Arthropod Circulatory Systems (OArCS) contains a comprehensive collection of 383 terms (i.e., labels) tied to 296 concepts (i.e., definitions) collected from the literature on phenotypic aspects of circulatory organ features in arthropods. All of the concepts used in OArCS are based exclusively on structural features, and in the context of the ontology are independent of homology and functional assumptions. We cannot rule out that in some cases, terms are used which in traditional usage and previous accounts might have implied homology and/or function (e.g. heart, sternal artery). Concepts are composed of descriptive elements that are used to classify observed instances into the organizational framework of the ontology. That is, descriptions in ontologies are only descriptions of individuals if they are necessary/and or sufficient representations of attributes (independently) observed and recorded for an individual. In addition, we here present for the first time an entirely new approach to formalizing phenotypic research, a semantic model for the description of a complex organ system in a highly disparate taxon, the arthropods. We demonstrate this with a formalized morphological description of the hemolymph vascular system in one specimen of the European garden spider Araneus diadematus. Our description targets five categories of descriptive statement: "position", "spatial relationships", "shape", "constituents", and "connections", as the corresponding formalizations constitute exemplary patterns useful not only when talking about the circulatory system, but also in descriptions in general. The downstream applications of computer-parsable morphological descriptions are widespread, with their core utility being the fact that they make it possible to compare collective description sets in computational time, that is, very quickly. Among other things, this facilitates the identification of phenotypic plasticity and variation when single individuals are compared, the identification of those traits which correlate between and within taxa, and the identification of links between morphological traits and genetic
Morphology Needs Ontologies
Well-established, linked, and consolidated resources for describing phenotypic features are standard for genetic data (e.g., "NCBI, http://www.ncbi.nlm.nih.gov", "http://flybase.org", etc.), but despite previous calls for more investment in the area of phenotypic research (e.g. Trelease 2006; Houle et al. 2010) , analogous resources for morphology are in their infancy (Deans et al. 2015) . Federated and integrated morphological knowledge bases cannot be derived from classical phenotypic characterizations using classical terminology, as the use of different vocabularies means that such characterizations are often not comparable. This central and well-known problem has been termed the "linguistic problem of morphology" (Vogt et al. 2010 )-and it extends from the lack of a commonly accepted, standardized, and taxon-independent morphological terminology to the lack of a commonly accepted standardized and formalized method for describing morphological traits. An increasingly popular solution to the lack of standardized vocabularies is the use of software-based ontologies. Ontologies make the semantic scope of a given term comparable, inferable, and queryable. This means that through the properties linking different concepts with each other, a term is understandable in its context.
As nothing in biology makes sense except in the light of evolution (Dobzhansky 1973) , phenotypic research is necessarily concerned, among other things, with one of the most central evolutionary concepts, 2017 WIRKNER ET AL.-OArCS AND FORMAL DESCRIPTIONS 755 homology. However, there is no general agreement as to whether ontologies of morphological terms and concepts ("anatomy ontologies" in the following) should accommodate homology assumptions or not. In their Teleost Anatomy Ontology, Dahdul et al. (2010) referred to structural concepts only and kept homology statements separate from the ontological concepts. Ramírez and Michalik (2014, p. 642) included "the vast majority of homology statements currently accepted in spider systematics" but not "the most hypothetical homology relations" (see also Ramírez et al. 2007 ). Tarasov and Génier (2015) created an ontology of those cuticular structures in dung beetles which imply homology and developed evolutionary models of them for Bayesian inference. Dececchi et al. (2015) extracted presence/absence characters automatically from published descriptions that are annotated using ontologies, apparently with implicit (primary) homology assumptions. Manda et al. (2016) studied the importance of "anatomical homology for cross-species phenotype comparison" with a particular interest in the "consequences of neglecting known homologies". Although we doubt that any such thing as "known homologies" exists, we do not argue that homology assumptions are generally problematic in ontologies 1 . In our view, however, ontologies are about being pragmatic and providing unbiased or minimally biased linkages between data sources. Forcing additional assumptions onto ontology classes is not parsimonious, and, as not all uses of anatomy ontologies are necessarily evolutionary in nature (e.g., bio-based robots just need good engineering models), an approach that separates structural (homology-independent) concepts from a relationship implying homology (as seen in Dahdul et al. 2010 ) thus seems to be more apposite. Furthermore, unbiased anatomy ontologies are unique in their suitability for use as basis for further interpretational levels (systematics, evo-devo, evolutionary biology, functional morphology, etc.) and data mining strategies, which facilitates their implementation into the broadest variety of biological sciences.
Accordingly, the anatomy ontology we present here is designed to be used as a basis for the description of morphemes without reference to homology and function (Richter and Wirkner 2014) .
Biophilosophical Basis "Theoretical science and ontology handle not concrete things but concepts of such" (Bunge 1977, p. 119) , and 1 ontologies can also be used (as an alternative to matrices or relational databases) as a tool for data management and analysis, e.g., to add further analytical dimensions to phylogenetic analyses. Such ontologies represent the characters (states) of the respective terminal taxon (as the object in focus) by linking ontology concepts to OTUs, as seen in Ramírez and Michalik (2014) . However, character ontologies of this nature, which naturally involve homology assumptions, do not form the focus of this paper ontological concepts only refer to real entities (instances). This view of the relationship between ontologies and reality is a product of the materialistic scientific realism advocated by Mario Bunge (e.g., Mahner and Bunge 1997) , according to whom reality is made up only of concrete objects and systems (things; Mahner and Bunge 1997; see also Merrill 2010) . We perceive particular entities as being alike if they share observable features, and then refer to them using the same ontological concept. The entities being observed (within the limits of what we can grasp with our sensory organs or measurement instruments) and described in morphology, and the "instances" of ontological concepts, are organisms and their respective morphemes (Göpel and Richter 2016) . We must not, however, conflate the objects of our study with our concepts and descriptions of them, as the latter only represent the perceived part of reality (Mahner and Bunge 1997) .
It is important to note that concepts cannot be considered to be totally theory-free (i.e., independent of any theory whatsoever, particularly numeric or linguistic, which is apparently not possible), but they should be independent of particular theories, that is, those relating to evolutionary relationships or functions/biological roles. This allows (purely) structural concepts to remain stable even if interpretations regarding evolution (e.g., homology relationships) or function change. It is also important to mention that independence from homology statements and independence from functional statements are not comparable but rooted on different theoretical levels. Although we might be able to observe the function of a feature, an interpretation that classes features as homologous always involves an explanatory hypothesis, that is, homology itself is never observable (see below).
The terms connected to a concept, in most cases historical ones, might imply function in some way, but this need have no influence on the concept itself if the concept is purely structural. It might actually be impossible in language to separate terminology from the implicit meaning of a term. Often, terminology may even have been optimized to have very specific implicational benefits. However, the terms in our ontology do not have explicit meanings involving function and/or homology. Other kinds of implicit meaning are not excluded. When descriptive statements relating to morphological data are formulated and thus made available for subsequent (not only phylogenetic but also functional, ecological, or biophysical) investigations, terminology should not interfere with data integration, meaning that ontologies need to be constructed in such a way as to "maximize their mutual consistency" (Smith and Ceusters 2010) .
As "different individuals and groups make their selections in more or less deliberate and more or less ad hoc ways, the realization of the goal of ontology-based integration becomes ever more remote" (Smith and Ceusters 2010) . It was this observation that incited us to create a widely usable ontology that is free, among other things, of homology assumptions (see below). 
Advantages of Ontological Concepts Explicitly Not Implying Homology
Homology is not an observation but the common cause of what we recognize as shared features. Homology hypotheses, therefore, are part of an explanatory hypothesis (Fitzhugh 2006) . Topographic identity is not a defining criterion for homology today (although it may have been in some historical definitions; see Richter 2016) , but serves as an argument for establishing the hypothesis on homology sometimes called "primary homology" (de Pinna 1991; see also Remane 1952; Brower and Schawaroch 1996) . Even that which has been called "secondary homology" in cladistics (de Pinna 1991), a homology hypothesis tested and corroborated by a cladistic analysis, remains a hypothesis because it is always subject to change in the light of a new cladistic analysis (e.g., Richter 2005) . Implicitly treating homology in an ontology as something which is "true" or "given" in some cases (e.g., prosoma and opisthosoma in chelicerates) and "uncertain" in other cases (e.g., abdomen in various crustaceans) would introduce subjectivity in the form of the delineation between supposedly "certain" and supposedly "uncertain" cases. There is no way for the user to distinguish between the implicit homology in the first case and the lack of implicit homology in the second. The most obvious practical reason why concepts/terms with a homology implication cause problems is that new homology hypotheses would always require the adjustment of ontological concepts/terms. If we ignored these problems and accepted that some concepts/terms imply homology and some do not, terminology would be fuzzy and inconsistent regarding the explanatory value of its content. Researchers using ontologies (and the descriptions derived from them) would not know whether hypotheses of homology, which have to be taken into account in character conceptualization and phylogenetic analyses, were present or not. If as opposed to ignoring the problems we then established concepts for various different sets of putative homologs to meet the needs of an "explicit homology" approach, we would simply face the problem mentioned above, that homology hypotheses change, or for many features are lacking in the first place, which would render attempts to establish a terminology based on explicit homology futile. The term "brain artery" (OARCS_0000009), for example, can be used for many arteries supplying the brain in various arthropod species, and its structural definition alone suffices entirely for morphological descriptions. No homology assumption whatsoever be it implicit or explicit is required in this concept or its label. For subsequent evolutionary interpretations, hypotheses on which brain arteries are homologous and which are not can be formulated without unwanted preconceptions (Göpel and Richter 2016) .
It has been suggested that even anatomy ontologies which encompass species with a relatively similar body plan, such as teleost fish, should avoid homology hypotheses in their ontological concepts and add homology statements separately as relationships (Dahdul et al. 2010) . We acknowledge that in some cases, as in the spider ontology (SPD), homology assumptions are implicit in most concepts unproblematically as homology could easily be replaced by topographic and/or structural identity. To include homology assumptions in ontological concepts for a taxon as disparate as the Arthropoda, however, would be much more problematic. We should keep in mind that homology relationships can only exist between evolutionary units (i.e., character states). However, character states need not be the same as descriptive units, or morphemes (Richter and Wirkner 2014; Göpel and Richter 2016) . We thus suggest that multitaxon anatomy ontologies should avoid both explicit and implicit homology hypotheses and actually state openly that concepts are based exclusively on non-explanatory, that is, purely structural definitions.
Advantages of Ontological Concepts Not Implying Function or Biological Role
Although the two concepts are closely related, a distinction must be made between the "function" of a morpheme and its "biological role" (Bock and von Wahlert 1965) . Function (sensu Bock and von Wahlert 1965) refers to all those processes that arise directly from the form of elements (for example, from material properties or shape and composition), without reference to the organism's environment. The biological role refers to the use of the faculty (= form plus function, sensu Bock and von Wahlert 1965) in the natural environment (see also Richter and Wirkner 2014) . Although in most cases functional processes and biological role are observable, they include more of an explanation than a purely structural concept does. In some cases, for example, only a combination of morphemes will be able to fulfill a functional process (the thin middle finger of the aye-aye Daubentonia madagascariensis is composed of bones, muscles, nerves), and the biological role (here collecting insect larvae in hollow wood chambers) will not be obvious based on the specimen alone but has to be observed while the animal is alive. More generally speaking, no structure's biological role can be discovered from looking at museum specimens: any conclusion is drawn by analogy. Furthermore, when it comes to extinct species, the biological role of morphemes is not even observable in principle, for example, in the case of the elongated neural spines, or "sail", in Dimetrodon. Functional processes are also frequently insufficiently understood, even when they can potentially be studied. Functional processes are features of living animals only and morphological descriptions primarily refer to preserved specimens, or even to anatomical parts, histological sections, TEM sections, etc. The form of a morpheme might well suggest its "capability" (dispositional features) but characterizing the exact capability is not always easy.
A structure-based concept avoids these uncertainties and is to be preferred. On the other hand it should also be made clear that terms, particularly if they are historical ones, might well have functional implications, and these implications may even differ in different scientific disciplines. As stated above, however, anatomy ontologies which avoid reference to function in their concept definitions provide a neutral basis which permits maximum data integration between ontologies. Of course, statements about function and/or biological role can still be incorporated into ontologies which use structure-based concepts from anatomy ontologies, but only via relationships. Expressing information about function and/or biological role in this way actually makes for better comparability, and facilitates data mining for specific functional relationships, for example, via SPARQL queries.
The Description of Morphemes
We use the term "description" to refer to descriptions of the "pure" anatomical structures, internal and external, which we have previously called morphemes Wirkner 2013, 2014) . Descriptions of this nature provide phenotypic data for systematic, evolutionary, or functional analyses, but are themselves independent from such interpretations.
A description of a morpheme refers in principle to one individual only (the problem of modular organisms is not touched here). It is the comparison of descriptions of different individuals that results in the population or species-level generalization ultimately desired in morphology (see also Göpel and Richter 2016) . Morphemes described congruently in different individuals can be generalized for the species. Published descriptions might already reflect some degree of generalization, but it needs to be made clear how many specimens the description is based on and whether or not differences between the specimens exist [see Keiler et al. (2013) for an example]. The advantage of computer-aided descriptions, however, is that they work very well on the individual level.
If descriptions refer to one individual and do not include comparisons, only structures that are present, that is, which do exist, can be described. One might argue that "absence" is a special class of observation and that it might make sense to allow it in a description because the alternative is to know nothing (open world assumptions). However, to argue it is different to say that a flea has no wings than to say that a sponge has no wings is only possible from our background knowledge. Arguing that all descriptions of individuals need to include all possible statements of absence is ridiculous, while arguing that "some" or "the important" statements of absence should be included is arbitrary and depends, among other things, on the preferred phylogenetic hypotheses at the time of description, or refers to a statement differentiating species.
Every morphological description (this is true for descriptions of morphemes as well as for character states; see below) has its own level of granularity depending on the method of investigation used. The level of granularity attained by the naked eye is different from that attained by a highly magnifying electron microscope (the naked eye might recognize the cornea facets of a compound eye, light microscopy might allow the cellular components of the ommatidia to be studied, and TEM might permit the sub-cellular components of each ommatidial cell to be described). In the case of the arthropod circulatory system, the level of granularity of a description based on corrosion casting usually differs from that of a description based on immunohistochemical staining. It is therefore of vital importance that a precise and standardized list of the techniques used be included as part of the metadata (Vogt et al. 2010) . Whatever the level of granularity might be, it is the person doing the describing who defines what is "worthy of recognition" at the level of interest in point (and this cannot include the absence of a morpheme). It might be the number of mitochondria in certain cells, for example, but not their exact position in each cell. Although this subjectivity is unavoidable, the exact documentation of metadata at least makes the description intersubjectively testable. Illustrations and other kinds of documentation can provide additional information to the phrased description.
In many fields of biology (systematics, morphology, physiology, ecology, evolutionary biology, phenotypic data mining, etc.), the description of a morpheme constitutes the basis for all subsequent steps. This simply means that a morphological description remains correct even if new hypotheses on homology or function/biological role appear. In systematics, the description of morphemes serves as a resource for comparative approaches and for the conceptualization of characters and character states (sensu Hennig 1966; see also Wirkner and Richter 2010; Richter and Wirkner 2014) . However, the transition from descriptive morphology to the conceptualization of characters and thus to systematics is not always straightforward (see also Winther 2009 Richter and Wirkner (2014) for more details]. In some cases, subsequent evolutionary analyses may reveal that the compared morphemes do actually relate with evolutionary units and may therefore be given the same term. Nonetheless, a clear distinction between levels such as description, character conceptualization, and phylogenetic analysis makes phenotypic research more intersubjectively testable and reproducible. In systematics, the absence of a particular morpheme (discovered as the result of comparison) might be VOL. 66 of central importance, which means that a character state might well refer to the absence of a morpheme (see Hennig 1966) .
One could argue that in a science as mature as systematics/phylogenetics, character state (sensu Hennig 1966) conceptualization has already taken place for many taxa and many structural systems, and that the description of new exemplars (individuals/ species) can start from these previously conceptualized character states. This might well work for all approaches whose explicit goal is to form the basis of phylogenetic analyses (e.g., Rieppel 2007; Franz 2014) . In fact, it is just one step further in what we have termed Evolutionary Morphology (Richter and Wirkner 2014) .
Until recently, classical morphological descriptions have been formulated in "natural language" and combined with illustrations or other kinds of documentation. It seems impossible at the moment to "translate" all aspects of a natural language description into a formalized, computer-parsable description, but this must be the ultimate goal. What we present here is the first formalized description of a complex organ system. In the future, formalized descriptions based on modern morphological techniques will render morphology truly high-throughput, making it possible not only to process numerous 3D stacks from various specimens, but to combine computer-parsable descriptions with annotated figures. If the morphological descriptions are directly linked to an ontology, potential changes of terms in the ontology can be incorporated directly (preferably automatically) into the descriptions.
The downstream applications of computer-parsable morphological descriptions are widespread, with their core utility to compare hundreds of descriptions and identify correspondences and differences in computational time. Among other things, this facilitates the identification of phenotypic plasticity and variation when single individuals are compared, the identification of those traits which correlate between and within taxa, and the identification of links between morphological traits and genetic (using GO) or environmental (using ENVO) factors.
The Long Tradition of the Study of the Morphology of
Circulatory Systems When William Harvey published his findings on the circulating nature of human blood in 1628, fairly comprehensive knowledge of this organ system was already available, though microanatomical details such as the capillaries connecting arteries and veins were yet to be discovered (by Malpighi 1661). Harvey's findings were paradigm-shifting in the sense that they finally refuted Galen of Pergamon's theory on the function of the circulatory system, which had held for about 1400 years. Galen's theory was that blood was produced by the liver; distributed in the body by the vessels; and provided with various "spirits" in the lung, heart, and brain until it was consumed by the organs. Interestingly, morphological descriptions of the circulatory system which pre-dated William Harvey's work were themselves fairly accurate-it was the functional interpretations (evolutionary interpretations were, of course, a non-issue) that were obviously wrong. This example clearly shows the independence of morphological description from functional and evolutionary interpretations.
The study of the circulatory systems in arthropods also has a decidedly long tradition. Baker (1764) discovered a circulating liquid in the waterlouse Asellus aquaticus using a simple light microscope. Accounts from the early nineteenth century still discussed whether an organ system specifically responsible for circulation was present in arthropods or not (see e.g., Newport 1843 and literature therein), until a regularly beating heart movement was discovered (Carus 1827) . In the second half of the 19th century, vast amounts of literature on the structure of the circulatory system and other organ systems were gathered, and observations documented in the form of highly sophisticated and skilled illustrations (Fig. 1) .
Since then, our knowledge has grown immensely. Most arthropod researchers, however, have focused on a few species only, and most comparative studies have remained within the borders of their general scientific communities. Entomology, carcinology, and arachnology started early as separate fields and are still organized under separate international organizations. There are a number of reasons for this separation, including the high diversity of hexapods and terrestrial arachnids (particularly spiders), and the different lifestyles of marine or freshwater crustaceans compared with the terrestrial taxa. Another reason is that for a certain period of time, arthropods were seen as a polyphyletic assemblage (e.g., Manton 1977) . Whatever the reason, as a result of the different traditions a broad base of comparative literature exists on the anatomy of chelicerates, myriapods, crustaceans, and hexapods, respectively, but not much on the comparative morphology of the major arthropod taxa (but see Gupta 1979; Gruner et al. 1993, e.g.) . Today, although relationships between the higher taxa are not completely settled (e.g., the exact relationships of the various crustacean taxa to hexapods, the internal relationships of arachnids; see e.g. Regier et al. 2010; von Reumont et al. 2011) , the monophyly of arthropods is generally accepted.
The history of the study of the arthropod circulatory system also reflects the different techniques used and the changing levels of granularity over time. In the 19th century the circulatory system was mostly studied in living animals, which enabled the distribution of arteries and the direction of hemolymph flow to be observed (see works by Carl Claus, e.g., Claus 1884). However, this was also the period when histological sections came into play, shedding light on the cellular composition of hearts and arteries. Histological sections additionally permitted the reconstruction of artery systems, which were difficult or impossible to study in live specimens. In the mid-twentieth century, the focus of circulatory system investigations shifted to phylogenetic questions (see works by Rolf Siewing, e.g., Siewing 1956 ). With advances in electron microscopy in the 1980s, many investigations turned toward the ultrastructure, that is, the cellular and subcellular composition, of the arthropod heart, in an attempt to understand its evolution (see works by the "Comparative Cellular Cardiology Research Group" at the University of Bergen; e.g., Nylund et al. 1987) . The research group led by Günther Pass at the University of Vienna took a more functional morphological approach, performing a functional analysis of the unfolding of the antennal lamellae in the cockchafer beetle Melolontha melolontha (Pass 1980) and going on to study the broad field of functional morphology of accessory pulsatile organs in insects (see e.g., Pass 2000) .
All of these studies nicely demonstrate the difference between morphological description and functional and evolutionary interpretations.
One method of studying the vascular system in its entirety is to inject synthetic casting resins, a technique now employed in combination with micro-computed tomography (MicroCT; Wirkner and Richter 2004) . The actual object of investigation in this injection method is not the artery but the cast, so cellular composition can clearly not be studied. MicroCT then permits the vascular system to be studied in relationship to other body parts and organs. In the tradition of Siewing, we started out by studying the circulatory system in malacostracan crustaceans (see e.g., Wirkner and Richter 2003 , 2007a , 2007b . In the course of this work it became obvious that describing an organ system of this complexity and conceptualizing character states and characters for phylogenetic analyses were two different things (Wirkner and Richter 2010) .
Over the last 15 years our research group has carried out comparative studies across all the major arthropod taxa necessary to understand the evolution of Arthropoda. Wirkner et al. (2013) was the first ever comprehensive attempt to bring together phenotypic 760 SYSTEMATIC BIOLOGY VOL. 66 knowledge relating to the circulatory systems in all four major arthropod groups.
In this paper, we present the newly developed OArCS: Ontology of Arthropod Circulatory Systems. OArCS contains a comprehensive collection of terms which have been collected from our published research over the last 15 years and the literature. We also suggest a formalized and computer-parsable semantic model for the description of circulatory organ morphemes, extending the model presented by Balhoff et al. (2013) .
MATERIALS AND METHODS

Ontology Construction
The ontology and its entire web content was constructed using "mx" (see http://purl.oclc.org/ NET/mx-database, last accessed 11 December 2015), an open-source web-based application that can be used for various purposes in systematic biology, including compiling taxonomical catalogs, scoring morphological matrices, and ontology design. Mx was chosen because the multi-user workspace allows input from more than one person at once, and permits updates to be carried out in real time, eliminating the need to keep track of the indexing of ontology classes across users, allowing both concepts in progress, and formalized concepts (i.e., those with a URI assigned) to coexist. A reference management system permits the upload of all the references on which the concepts are based, with references used to create "sensus" (see Yoder et al. 2010) . Images can be attached to concepts and annotated via scalable vector graphic (SVG) overlays (Fig. 2) , which are visible in Protégé using the plugin available at https://github.com/balhoff/ image-depictions-view/releases.
Specimen data and matrix-based descriptive statements were also compiled in mx using a modified version of the EQ model put forward by Balhoff et al. (2013) . Morphological descriptions were presented in a matrix format where "characters" were the names, and states the logic-based descriptions of anatomical structures (e.g., Table 1 ). Formal representations of phenotype descriptions (see Supplementary Files, available on Dryad at http://dx.doi.org/10.5061/dryad.kv62d) were created in Protégé 4.1 (http://protege.stanford.edu/) using the Web Ontology Language (OWL) Manchester syntax (http://www.w3.org/TR/owl2-manchester-syntax/) following Balhoff et al. (2013) . The full data set, represented in OWL (http://www.w3.org/TR/owl2-overview/, last accessed 11 December 2015), was deposited as two Resource Description Framework-XML files (http://www.w3.org/TR/REC-rdf-syntax/, last accessed 11 December 2015) and is also available in continuously updated form on the OArCS repository (http://github.com/aszool/oarcs).
RESULTS AND DISCUSSION
Introducing OArCS: Ontology of Arthropod Circulatory
Systems OArCS is an ontology of terms and concepts related to the circulatory system in arthropods. The ontology is available as an OWL file at: http://purl. obolibrary.org/obo/oarcs.owl.
An interactive web version of OArCS including graphical annotations can be found at: http://oarcs. speciesfilegroup.org.
OArCS contains a comprehensive collection of 383 terms tied to 296 concepts. Yoder et al. 2010 ) which is taxon-independent and based exclusively on structural attributes, avoiding any reference to function or homology. Besides the obligatory relationships "is_a" and "part_of", relationships specific to the circulatory system, for example, "gives_rise_to/emanates_from", etc. are introduced. The accessibility and comprehensibility of the ontology is increased by annotated figures showing instances of morpheme concepts (Fig. 2) . The images are either image data of the respective features in real specimens (Fig. 2a) or generalized schemata (Fig. 2b) . 158 synonymous and 7 homonymous terms are included in the concepts as "sensus" (Yoder et al. 2010) and one preferred term is highlighted for each concept (Fig. 3) . The same term might occur as a "sensu" in various concepts but can only be the preferred term in one single concept.
Challenges and Problems of the New Ontology
Homonomy, synonymy and priority.-Homonymy is when the same term is associated with different concepts, synonymy, when different terms are associated with the same concept. In a field with a history of over 200 years, overlaps such as this are to be expected, and one of the aims of our ontology is to render the terminology clear and non-contradictory. Although the concepts in the ontology follow clear rules (referring exclusively to structure), choosing terms for the concept involves a certain degree of subjectivity. One could argue that terms should be chosen on the basis of priority, as in the nomenclature of species, but this would make the terminology excessively multilingual and result in a mixture of Latin, German, English, French, Italian, Russian, and probably more. Another possibility would be to go with the term which has been used most often, and this is basically what we did, though if a less-used term appeared better-fitting for a particular concept, we did not hesitate to deviate from this rule. To give an example, Audouin and Milne Edwards (1827) introduced the term "sternal artery" to describe an artery that connects a heart with a ventral vessel system (Fig. 4 ). An artery of this nature can be found in various malacostracan crustacean groups (Wirkner and Richter 2010; Wirkner et al. 2013) . In subsequent usage, however, this term has been applied to either the descending artery (OARCS_0000017; Bouvier 1891; Brody and Perkins 1930) , the anterior part of the ventral vessel (OARCS_0000163; Pearson 1908) or the sum of both as originally introduced by Audouin and Milne Edwards (1827) . We prefer sternal artery sensu Pearson (1908) and use it to describe the anterior part of the ventral vessel (OARCS_0000163). OArCS. -A general problem with zoological terminology is its frequent implicit reference to function. In OArCS, we explicitly exclude any reference to function and biological role (sensu Bock and von Wahlert 1965) from our concepts. In some cases, terms might imply function at first glance, their respective concept, however, is based on structure-related definitions. Most people would say, for example, that the term "heart" contains functional connotations, that is, as a pulsatile organ. In OArCS, however, the concept consists purely of structural properties such as being "part of the dorsal vessel and consist[ing] of myocard and epicard" (OARCS_0000253). Again, this is not to say that none of the described morphemes have a function (which clearly they do), but an attempt to use definitions in the ontology which do not (intentionally) imply function. The term "supply" is used in the free text definition of numerous arteries, etc. (see e.g., brain artery OARCS_0000009) and might appear to relate to function, but in the history of the description of arthropod circulatory systems it has always been used in the sense of "running in the direction of/into" and/or "opening up near to". This originates in the fact that, in general, arteries in arthropods end openly, with the hemolymph leaving them before irrigating the tissue/organ in question. It is this very general meaning that is reflected in the concept of the object property labeled "supplies" (RO_0002178), making it unproblematic in free text definitions and suitable in the semantic web to express relationships between arterial structures and organs, organ systems, and body parts.
The problems of functional implications in the concepts used in
The concepts used in OArCS are independent of homology assumptions.-Although it is a well-supported hypothesis that the "heart" in all arthropods is homologous, it remains just that, a hypothesis, and from the point of view of description an irrelevant one at that. In order to understand, for example, how the length of the heart is correlated to the number and arrangement of ostia, knowledge of homology plays no role whatsoever. Furthermore, in the case of most circulatory structures not even vague hypotheses exist as to homology across arthropods or between taxa. The cardiac arteries that emanate laterally from the heart in many arthropods FIGURE 4. Schematic 3D visualization of various concepts for the sternal artery in Malacostraca. PDF version contains interactive 3D content. To activate click on the figure in Adobe Reader. Rotate object with mouse. For further functionalities see content menu. are almost impossible to compare in terms of possible homology, and even if we focus on the cardiac arteries of spiders only we face serious problems (see Huckstorf et al. 2013 Huckstorf et al. , 2015 Runge and Wirkner 2016) . Spiders possess a maximum of four and a minimum of two cardiac arteries, but how to establish homology between them? Several hypotheses exist, but none is really substantiated. The concepts used in OArCS for the cardiac arteries are purely positional (the first cardiac artery is the most anterior, etc.) and do not imply homology-the benefits of which should hopefully, by now, be clear. One could argue that parallels could be drawn to the situation in vertebrates, where in textbooks the carotids are often termed the third, the aortic arches the fourth, and the lung arteries the sixth pharyngeal branches. However, it is obvious that these numerical terms are strictly evolutionary and not based on observation only. The purely anatomical terms are carotids, aortic arch, and lung artery. And anyway, as mentioned above, when it comes to the cardiac arteries in spiders, we do not even have preferred hypotheses to work with.
A Semantic Model for the Description of Circulatory
Features Members of the Hymenoptera Anatomy Ontology Consortium have published numerous taxonomic treatments using a semantic statement model (Deans et al. 2012; Balhoff et al. 2013; Mikó et al. 2014 ) (hereinafter HYA model) created for the description of phenotypic features within this specific context. The HYA model follows an EQ format (entity attribute: value; Mikó et al. 2014) Table 1 has part exactly 1 ( tubular heart and (( attached to exactly 3 ( ventral ligament and ( contralateral_to exactly 1 ventral ligament ))) and ( attached to exactly 9 ( lateral ligament and ( contralateral_to exactly 1 lateral ligament )))) and ( part of some dorso-medial region ) and ( part of some posterior region ) and ( part of some opisthosoma ) and ( has part some myocard ) and ( has part some epicard ) and ( has part some ( anterior margin and ( adjacent to some ( posterior margin and ( part of some pedicel ))))) and ( has part some ( posterior margin and ( adjacent to some second dorsoventral muscle ))) and ( dorsal_to some posterior midgut ) and ( bearer of some sigmoid ) and ( bearer of some tubular ) and ( bearer of some fusiform ) and ( _gives_rise some posterior aorta system ) and ( _gives_rise some anterior aorta system ) and ( parallel_to some anterior-posterior axis ) and ( parallel_to some ( dorso-medial region and ( part of some opisthosoma ))) and ( has component exactly 2 ( third ostium and ( contralateral_to exactly 1 third ostium ))) and ( has component exactly 2 ( second ostium and ( contralateral_to exactly 1 second ostium ))) and ( has component exactly 2 ( first ostium and ( contralateral_to exactly 1 first ostium ))) and ( attached to exactly 10 dorsal ligament ) and ( _gives_rise exactly 1 ( first cardiac artery system and ( contralateral_to exactly 1 first cardiac artery system ))) and ( _gives_rise exactly 1 ( second cardiac artery system and ( contralateral_to exactly 1 second cardiac artery system ))) and ( _gives_rise exactly 1 ( third cardiac artery system and ( contralateral_to exactly 1 third cardiac artery system )))) useful in taxonomy, there are various reasons why the HYA model cannot be adopted wholesale for descriptions of morphemes. In the HYA model, because of historical means of data representation, "character"/"character state" formulations are used for the description of features. In the context of morphological descriptions, however, we avoid the use of the terms "character"/"character state", as within a cladistic framework they imply assumptions about homology. The presence/absence phenotype is also problematic because it reflects the difference between morpheme and phylogenetic character state (see above). But most importantly, it is impossible to describe the form (sensu Richter and Wirkner 2014) of complicated morphological features using these four phenotypic categories only. The semantic representation of complex morphemes requires further and/or composite phenotype representations, which we introduce below.
Five Categories for the Description of Circulatory
Features Ontologies are knowledge representations of specific fields, and using them to generate formalized descriptions promotes accuracy and comparability (see also Vogt et al. 2013) . Combining concepts from different ontologies makes descriptions multidimensional and representative of various aspects of morphemes. At present, the set of ontologies representing phenotypic categories includes the Phenotypic Quality Ontology (PATO), the CARO, and the Biological Spatial Ontology (BSPO). The concepts used to describe morphemes must themselves feature in a zoomorphological ontology such as OArCS.
For the phenotypic description of morphemes of the circulatory system in arthropods, we here present five different "descriptive" categories. These categories serve as a checklist for those features and attributes that can be described/included in an ontology-based morphological description. We also clarify which kinds of concepts from which particular ontologies can be used to describe the attributes of a morpheme in each category. This approach is designed to increase the comparability of description data. Although sufficient for the circulatory system in arthropods, the suggested list of categories is not exhaustive and might have to be extended for the description of other organ systems. The five categories proposed here are "position", "spatial relationships", "shape", "constituents", and "connections". These categories only deal with properties relating to form and spatial arrangement. They can be used to generate descriptions on various levels of granularity from organs down to cellular components. Categories that are not considered for the arthropod circulatory system are attributes relating to (physical) material properties or color. As the terms used to designate the suggested categories are colloquial ones, an explicit definition for our specific context is provided below.
To demonstrate our morphological description model in use, we apply it to the vascular system of the European garden spider Araneus diadematus (see Runge and Wirkner 2016) . As a transition from natural language to formalized representation, we present a scheme of logic statements in each of the five categories relating to the heart in A. diadematus (Table 1) . In Table 2 , this scheme is translated into a parsable, linked semantic statement. The complete description (scheme of logic statements and semantic statements) of the vascular 765 system of A. diadematus is accessible as a Supplementary File, available on Dryad.
Position
This category relates to the general position of the morpheme within the organism as a whole. To create a clear distinction between this category and the category "spatial relationships", and to increase the comparability of data pertaining to different taxa, position is described exclusively using the nomenclature for positional attributes generally used in human anatomy or zoological morphology (e.g., Brusca and Brusca 2003; Westheide and Rieger 2013; Pschyrembel 2014; Storch and Welsch 2014) . This includes terms (concepts) used to describe general spatial attributes, for example, dorsal, ventral, etc., and the basic body planes, for example, sagittal, horizontal, etc. The vocabulary is that featured in BSPO.
Following the top level categorization in BSPO, the subclasses anatomical axis (BSPO_0000010), anatomical region (BSPO_0000070), anatomical section (BSPO_0000400), and anatomical side (BSPO_0000054) are used.
Spatial relationships
This category covers the spatial relationships of the morpheme, including spatial boundaries and orientation relative to other anatomical entities. It is this which distinguishes it from the category "position", as rather than referring to the position of the morpheme within the organism, spatial relationships to specific body parts such as segments, skeletal elements, or organs are expressed. The basis of this category should ideally be ontologies defining the gross internal and external morphology of arthropods. Although no general ontology of arthropod body parts is available to date, one is in preparation (see the "arthropod working group" of the Phenotype Ontology Research Coordination Network; NSF-DEB-0956049; http://www.phenotypercn. org). Our terminology is thus currently linked to the spider anatomy ontology (Ramírez et al. 2007 ). The category spatial relationships covers the extension, course, and/or orientation morphemes, which can also be described in relation to other morphemes and using properties from the realtion ontology (RO) such as adjacent_to, parallel_to, dorsal_to, etc. Size (length, width, etc.) can be included in this category in the form of either relative or absolute size. For the former, relationships to other body parts are key, while for the latter discrete or continuous measurements are feasible. However, complex branching structures such as arteries cannot be described exhaustively in this manner.
3. Shape Shape describes the most obvious attribute of a morpheme, that is, the overall geometry of the contour (outline, outer shape). The vocabulary used for geometry is already organized in ontologies such as PATO and BSPO. By combining different concepts relating to shape it should be possible to describe any shape, however complex, either in 2D (e.g., cross-sections of morphemes) or 3D. Shape concepts represent generalizations, but as generalizations facilitate comprehension and comparability, this is desirable. To describe the shape of the tubular heart of A. diadematus, we suggest a combination of fusiform (PATO_0002400), sigmoid (PATO:0001878), and tubular (PATO_0002299).
Constituents
Here, all the specifying components of a morpheme are listed. Constituents are the main entities of the composition of the morpheme. They are morphemes themselves (on the next hierarchical level down) and they need to be described on their own level using the five categories. For example, to understand the form of the heart, both the number of ostia and a description of the valves are required. There are two different types of constituents: First, those which are an obligatory part of the concept of the morpheme (B part_of A) and second, those which are not an obligatory part of the concept (C part_of some A). Nonetheless, all constituents of a morpheme have to be listed in the formalized description despite the redundancy which may result (i.e., in the case of obligatory has_part relationships). In the case of the heart, for example, the concept includes the presence of a myocard (obligatory has_part relationship). Nevertheless, the myocard has to be listed as a component of the heart because it is a constitutive element. In our view, this reflects the difference between an ontology and a description using ontologies. Although an ontology should be stringent and avoid redundancy, a description needs to list all a morpheme's components. The absolute number of individuals of each constituent can also be cited. Constituents for which a count is given are described using the relationship has_component (RO_0002180), which is a subclass of has_part (BFO_0000051). While some constituents are countable, the number "1" is avoidable for singular constituents and others might occur in such high number that counting is impossible, or at least unfeasible. Young (1993) , all elements of the vascular system belong to one of the two categories "adjoining intrinsically identified" (e.g., the muscular heart and the non-muscular cardiac arteries) or "adjoining extrinsically identified" (e.g., the transition from the anterior artery to the brain artery, or the descending artery to the ventral vessel where no differences in histology exist). In our experience, there are many morphemes which cannot be definitely separated from each other on all levels of granularity (sensu Vogt et al. 2013 ), but this is rarely problematic in descriptions. The transition from the descending artery to the ventral vessel, for example, can be described without identifying the exact point of transition (which might be on the cellular level). To give a more basic example, the neck of a giraffe can be described despite the lack of a clear separation between it and the head on the one end and the trunk on the other. For the purposes of description, clear boundaries are not necessary. However, those morphemes directly connected to the morpheme being described are important as they contribute significantly to its characterization. In the case of the heart in arthropods, these would be the arteries branching off it and the ligaments attaching it to the integument. Unlike in the category "constituents", the morphemes listed under connections are not related to the morpheme in question via has_part/part_of relationships. Although they belong on the same hierarchical level, they need to be described separately using the five categories. In cases where a morpheme is clearly delimitable from other morphemes, the category "connections" becomes irrelevant and may be ignored. For morphemes that are not delimitable, the advantage is that all structures directly connected to them can be listed and (if necessary) described, meaning that their confluent nature is captured and communicated. This in turn makes the concepts in question intersubjectively testable.
CONCLUSIONS
We present here both a formalized vocabulary for phenotypic features of the circulatory system in arthropods in the form of the computeraided ontology OArCS, and a concept for generating formalized descriptions of anatomical structures. Of paramount importance now is that both are used and developed further in order to overcome possible inconsistencies and to provide us with a better understanding of their limitations. We recognize that taking advantage of the semantics behind the descriptions requires a significant amount of effort. To this end we are seeking to develop tools that will permit the creation of formalized phenotypes via straightforward interfaces (with particular reference to the five descriptive categories), and exploring how to best store, query, and infer across these complex data. We feel that the exploration of formalized approaches to morphology is warranted for the methodological reasons put forward here even in the absence of a supporting ecosystem of tools. Indeed, some of the functionality we envision for the ontology will only emerge when we can draw to a greater extent on broad knowledge bases.
SUPPLEMENTARY MATERIAL Data available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.kv62d. The OArCS ontology is also available online at: http://oarcs. speciesfilegroup.org. 
